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Electrical conductivity of TiO, thin films, deposited on Al:Q, substrates by metal organic chemiecal vapor deposition
(MOCVD), was measured by four-point probe method in a temperature range from 8007 to 10257 and an oxygen
partial pressure range from 2.7x 10" atm to 1 atm. In the low oxygen partial pressure region n-type conduction
was dominant, but in the high oxygen partial pressure region p-type conduction behavior appeared due to sub-
stitution of Ti ions by Al ions, which were diffused from the substrate during post deposition annealing process.
Electrieal conductivity of the film decreases in the n-type region and increases in the p-type region as the oxygen
partial pressure increases. The transition points, which show the minimum conductivity, shifted to the higher ox-
¥gen partial pressure region as the measuring temperature inereased. hut it shifted to lower oxygen partial pres-
sure region with an increase in the post annealing temperature. The results were also discussed with the possible

defect models.
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1. Introduction

i0; is an oxygen deficit nonstoichiometric compound
and its degree of nonstoichiometry varies as a function
of the surrounding oxygen partial pressure and tem-
perature. Since the electrical conductivity of TiO. cor-
responds to the degree of nonstoichiometry, TiQ, is an at-
tractive candidate material as the oxygen sensor. Simple
operation is the advantage of a Ti0, oxygen sensor over
the galvanie type Zr(,, which is widely used as the oxygen
sensors now. Thin film type oxygen sensors have many ad-
vantages over bulk ceramics sensors, such as fast response,
easy fabrication process and process reliability et al
However, the electrical conduction mechanism of TiO, thin
films should be understood before the sensors are used.
Band gap of rutile is 3.0-3.2eV" and thus TiQ, is an
electrical insulator at room temperature, but becomes a
semiconductor at elevated temperatures. There have
heen many investigations of the electrical conduction
mechanism of TiO, by various researchers, but there has
not been perfect agreement between their studies® This
disagreement is mainly due to the existence of an im-
purity or nonequilibrium atmosphere during sample pre-
paration. Since TiQ, has 107 at% nonstoichiometry of ox-
vgen deficiency at 1000°C and oxygen partial pressure of
1 atm,” the electrical conductivity measurement should
be done with pure Ti(, lower than 10? at% impurity. In-
spite of the difficulties, doubly ionized oxygen vacancies,
Vo, have been reported to be the major defects of TiQ, a-
bove 800°C in the oxygen partial pressure 1-10%atm.” In
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case of the Ti0Q; thin film the following two conditions
are required: first, the electrical resistivity of the sub-
strate should be high encugh (about two orders of mag-
nitude higher than that of TiO,) that the contribution
from the substrate to the total electrical conduction is
negligible. The high purity polycrystalline Al,Q; ceramic
may be suitable as a substrate for the TiO, thin film.”
Second, the solid solubility between thin film and the
substrate should be negligible or controllable. No solid-
solubility and intermediate phases formation occur
between Ti0O, and ALO; up to 1200°C according to the
phase diagram.® However, Sleptys ot al.¥ measured the
solid solubility of Al:O, to TiO, in the temperature range
of 1200-1426°C, 0.62 wt% at 1200°C and 1.97 wt% at
1426°C. Therefore, the heat treatment temperature and
duration time will affect the electrical conductivity of
TiQ, thin film because of the diffusion of ALQ, to Ti(,.

I1. Experimental Procedure

A 2 pm thick Ti0, thin film was deposited by a metal
organic chemical vapor deposition (MOCVD) process on
high purity AlO, substrate (99.99%) using titanium
ethoxide and Q.. The ALO, substrate had surface rough-
ness smaller than 0.1 pm, and a rectangular shape of 0.6
mm X 5.6 mm x 6 mm. The sample was annealed for 48
hours at 1100°C in air to prevent any variation in the
thickness of the film during electrical conductivity meas-
urements and to allow its conversion to the stable rutile
phase. Stripe shaped Pt electrodes were formed on the
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sample surface using a porous Pt paste (Engelhard
#517568 Pt-black). The inter-electrode distance was 0.5
mm, Electrical conductivity of the sample was measured
using a DC four-point probe method as a function of ox-
vgen partial pressure, Po., and temperature. The oxygen
partial pressure was controlled by a proper mixing of
high purity oxygen and high purity nitrogen gases, and
was measured by an 8% MgO-added zirconia cell. The ox-
ygen partial pressure ranged from 2.7:x10° to 1.0 atm.
Because the TiQ; thin film was polycrystalline, we
measured an AC complex impedance, using an im-
pedance analyzer (YHP LF 4192A) as a function of tem-
perature and Po, to determine the grain boundary effect
on conductivity. To determine the electrical conductivity
variation due to the variation of AlL:O, impurity content
in TiQ;, we annealed the sample at 1050°C, 1100°C,
1170°C, respectively, in air atmosphere for 70 hours, and
measured the electrical conductivity as a function of Pos,.
We expect some effect of surface dispersed Pt particles
on the electrical conductivity because of the catalytic ac-
tivity of Pt on the chemical reaction between gas and ox-
ide. A 16.7 wt% H.PtCl; agueous solution was used to
disperse Pt particles on the film surface. The solution
was brushed onto the thin film surface, dried at 100°C for
15 minutes and annealed at 1100°C for 2 hours. Pt par-
ticles can have different degree of surface catalytic effect
according to the specific surface area of the TiO, film, and
80 the following experiments were carried out. From the
results of deposition experiments® we know the mor-
phology of a thin film surface can be rough or smooth by
changing the deposition conditions, and the different sur-
face morphology can be maintained after heat treatment.
Therefore, we prepared the samples with different spec-
ific surface areas by controlling the deposition conditions.
We made two typical samples with rough and smooth sur-
faces, and dispersed the Pt particles by the above-men-
tioned method and measured their electrical conductivity.

II1. Results and Discussions

Fig. 1 shows the variation of electrical conductivity of
a TiQ, thin films annealed at 1100°C in air for 48 hours
as a function of Po, (2.7x10°-1 atm) in the measuring
temperature range of 800-1025°C. The solpe of the Ln
{conductivity) vs. Ln (Po,) curves approaches 1/1.3 when
the measuring temperature and Po, come close to 800°C
and 1 atm. It approximates 1/4 at 925°C and Po,=1 atm,
but approaches -1/6 as the measuring temperature in-
creases up to 1025°C and Po; lowers down to 2.7x10%
atm. The change of sign of the slopes in Fig.1 indicates
that the conduction mechanism changes from n-type in
the low Po, region to p-type in the high Po, region. The
transition point from n-to p-type conduction, which cor-
regponds to the conductivity minimum point, shifts to a
higher oxygen partial pressure region when the measur-
ing temperature increased. An electrolytic region, where
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Fig. 1. Electrical conductivity isotherm curves of TiQ, thin
films as a function of oxygen partial pressure
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Fig. 2. Variation of electrical conductivity of TiQ, thin films
as a function of 1T, e (@) at Po,=2.7% 10% atm and () at 1
atm. N -

no change in conductivity occurs with changing Po,, ap-

_ pears around Po,=5x10* atm and T<850°C. The oxygen

over the sample enables ionic conduction via oxygen va-
cancies, because the porous Pt electrode is not a perfect
blocking electrode for the oxygen movement. But as the
temperature increases the electrical conduction increases
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more rapidly and above 900°C the sample shows an elec-
tronic semiconductor behavior. Fig. Z{a) and (b) show
plots of Ln (conductivity) vs. 1/T data at the different ox-
ygen partial pressures, 2.7x10° atm and 1 atm, respec-
tively. The activation energy in the temperature range of
925-1025°C is about 1.95 &V, as shown in Fig, 2(a), in the
low oxygen partial pressure region, in which the n-type
conduction is dominant as illustrated in Fig.1. But the ac-
tivation energy around 870°C is lowered down to 0.85eV
in the high oxypen partial pressure region, that is p-type
conduction region, as shown in Fig. 2(b).

The following 5 defect equations were postulated, as-
suming an existence of Al,Q; impurities in the TiQ, thin
film :

nil=e'+h Kc=np:n§=exp(%?'r5) (1)
Oo=V, + %02 +26" Kox=[V.Jn%Pol? = exp( ‘ﬁ"" y ()
ALO, = 2Al + V5430, (3)
ALO,=2Al + %02+6e' (4)
2AL0; =3AlL "+ Al +60, (5}

where €' and h represent free electrons and holes in
the crystal, and K,, K, and k are reaction constant of
electron-hole pair generation by band gap jumping, that
of reduction reaction and Boltzman constant, respec-
tively.

Eq.(1) describes a generation of an electron-hole pair.
And it is reasonable to assume that Eq.(2) is the redox e-
quation since the major defect type of TiO; in the con-
dition of Po, > 10® atm and B00-1000°C is Vo. AE, is the
activation energy for the redox reaction of the Ti(), and
is 4.58 eV.? Eqs.(3), (4) and (5) are the three possible in-
corporation equations of the impurity, Al:Qs, to Ti0,. Ex-
cept these equations, the following equation can be con-
sidered as an incorporation equation of AlQ; to TiO,.

2A1,0, = 4AL' +60,+Ti, (5-1)

But Eq.(5-1) ecan be ignored since the Ti interstitial is
the major defect type of TiQ, in the region of Po, < 10
atm,” which is far lower oxygen partial pressure than
those employed in this experiment. And we also disre-

very small
48] Vo
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Fig. 3. Schematic band diagram of TiO..
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gard a contribution of the Schottky or Frenkel defect to
electrical conductivity since their effect on electrical con-
ductivity is much smaller than that of nonstoichiometry
below 1000°C,

Since the energy level of oxygen vacancy V, in the TiO,
crystal lattice is very close to the lower edge of the con-
duction band, all the generated oxygen vacancies can be
ionized to Vo even at room temperature. However, the Al
ion which substitutes Ti ions in the lattice is deep-level
impurity, 1 eV lower from the lower edge of conduction
band, as illustrated in Fig. 3. Therefore, the ionization
process of Al, should be regarded as a thermally ac-
tivated process. Eq. (3-1) and (3-2) are required, in ad-
dition to the Eq. (3}, to represent the ionization process
of Al

2415+ Vs = 201 +V; (31)
APV B k
Al PR &2,

where A E represents the ionization energy of Al ions in
Ti0, and is approximately 1 eV."”

The electroneutrality equation on the basis of Eqgs.(1)-
(6) should he

n+[Aly ] =p+2[Vo]+3[AL"] (6)

If it is assumed that the electrical conductivity is
governed by the electrons generated from Al impurities
and the incorparation reaction of ALQ; is dominated by
Eq.(3), the electroneutrality Eq.(6) can be simplified as
Eq.(7):

(Al T=2[Vi] 7

Putting Eq.(7) into Eq.(8-2) and assuming [Al;)=2[V,], Eq.
(8) is obtained.

[T ] = (Al expl--22) (®)

From Eq.(8) and Eq.(7), we get

1 AE

- _ g 8-1
WD] 2 [AlTI} EXP( 3kT) ( )
[Al;] is the ionized Al concentration in the TiO, thin
film which is closely correlated to the heat treatment
temperature, Therefore, from Eq.(2) and Eq.(8-1) the den-

sity of the conduction electron n is given as follows:

0= [V, 2 Post exp(- 2%

4B | Al
2
kT

— ()AL ¥ Poy A expl- ] (8-2)

And the hole density p is given as follows by Eq.(1):

AE  Abx
(Eg—? 2] )

T ] (8-2)

p= (%)!’g [Aly]* Po}* exp[-
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The electron mobility of TiQ; at room temperature is
0.2 em*V.sec™ and an electron moves in the lattice as a
small polaron. Bluementhal et al.'® explained the elec-
tron movement in the TiO; lattice as a small polaron
hopping model and Frederikse' calculated the hopping
activation energy as 0.2 eV¥. Therefore, the electrical con-
ductivity in the n-type conduction region is

o . AR
O Gh=0e il =Nel: exp(_ﬁ)

= elAl ]P0y wexpl- ————2] (9)

where A E;=hopping energy.
And in the p-type conduction region the conductivity is

G = 6y =pet, = pe ity exp(~ %)

(B + 2, - £F - 2o
~e[AL]2Po}* 45 expl— ~ ] (10

under the assumption that the hopping energies of the
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electron and hole is the same. From Eq.(9) and Eq.(10),
we can calculate the activation energies for conduction
in the n- and p-type conduction regions, respectively. Ac-
tivation energy for conduction in the n-type conduction
region, E,, is

AE | ABx 1, 4.58

AR, + =— + =02+ =+———=276eV 9-1
e © (9-1)

And activation energy for conduction in p-type con-
duction region, E,, is

Egmﬁh—@—% :3.1+0.2—%—% =094¢V (10-1)

In summary, we can see from Egs.(9) and (9-1) that if
we assume the impurity incorporation reaction as Eq.(3),
the theoretical n-type electrieal conductivity has -1/4th
power dependance on Po, and its activation energy is 2.
76eV in the low Po, region. And from Egs.(10) and (10-
1) the theoretical p-type electrical conductivity has 1/
4th power dependance on Po, and its activation energy
is 0.94eV in the high Po. region. But the experimental
results in Figs. 1 and 2 show that the slope of the
graphs approach -1/6 as Po, decreases in the n-type re-
gion and the measured activation energy is far different
from the theoretical value. This means that the electrical
conduction in this condition is governed not by perfect n-
type conduction but the p/n type mixed conduction. This
conclusion can be confirmed by the following result. Fig.
4 shows the change in oxygen partial pressure on which
the conductivity shows minimum as a funetion of the
measuring temperature. The graph is nearly straight
and the activation energy, obtained from the slope, is a-
bout 3.65 eV. Since the calculated activation energy of
electron conduction is much larger than that of hole, the
increase in density of conduction electron with in-
creasing temperature is much larger than that of hole.
Therefore, the minimum point of electrical conductivity
shifts to higher Po, as the measuring temperature in-

T, < Ty < Ty {b)

)

Log(Po,)

Fig. 5. Effect of measuring temperature on eleetrical conductivity and its minimum points,
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creases. This explanation is shown schematically in Fig.
5(a) and (b). Sinece the conductivity minimum point coin-
cides with the point of aqual value of n- and p-type con-
ductivity, the relationship between the Po. and the
measuring temperature corresponding to the con-
ductivity minimum is obtained from the following cal-
culation.

a En 3] E
ne4le eXP (~17r) = Doy €XP (—ﬁ)

14
AP C'me

exp (——

A, B are constants for given [Al]. So,
Poin=(5) exp[ - B

Polmm ( ) EXP[ Z(Eﬂ Ep)]

InFo,,. )= 2111( ) Q(E EP) ) {11}

From Eg.(11), we can see that the slope of plot In
{(Pogmia) vs. 1/T for eonductivity minimum points has
the value of 2(E.-E,Vk. 2(E,-E,) in the above theoret-
ical caleulation is 3.64 eV, if E, and E, are assumed to
ha 0.94 and 2.76 eV, respectively. The theoretical
value is in good agreement with the empirical value, 3.
65 eV, obtained from Fig. 4.

The measured electrical conductivity variation in the p-
type region is in good agreement with the theoretical
value caleulated at Po,=1 atm and T.....=870°C in Fig.
2(b}. But the graph in Fig. 2(b} is not straight but shows
curvature at this temperature, and this means that the
proposed model can not explain completely the ex-
perimental p-type conduction. We suspect that this cur-
vature might originate from the grain boundary effect, so
that an AC complex impedance measurements were per-
formed at Po;=1.0, 1.0x10% 2.2x10%, 1.6x10* atm, and
in the temperature range of 800-1025°C. The results
show a general behavior at each oxygen partial pres-
sures as follows. As the measuring temperature lowers,
the second semicirele due to grain boundary becomes
more apparent. But as the measuring temperature in-
creases, the second semicircle shrinks and completely
disappears above 1000°C. Even though the second sem-
icircle appears in the low temperture region, it is im-
possible to seperate the second semicircle from the first
semicircle and to measure the resistivity of grain itself
by the extrapolation method because of the serious over-
lapping between the semicircles. However, Kilner et al.””
showed that although the electrical conductivity vari-
ation of the grain boundary with temperature is dif-
ferent from that of the grain itself, but the electrical con-
ductivity is usually governed by the conductivity of grain
itself in high temperature (10004 200K) region. The com-
mon disappearance of second semicircle in high tem-
perature region in the AC complex impedance meas-
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urements may be due to the reduction of the effect of
grain boundary at high temperature. Therefore, we can
regard that the good linearity of Fig. 2 (a), (b} in the
high temperature region is due to the grain itself and
the curvature in the low temperature region is due to
the appearance of the grain boundary effect. The AC com-
plex impedance measurement at Po,=1 atm and T=920°C
shows a emall second semicircle, The value of slope, 1/1.3,
of plot of Ln (conductivity) vs. Ln (Po;) about Po,=1 atm
and T=800°C, as shown in Fig. 1, might be resulted from
the effect of grain boundary or surface of the thin film on
conductivity, but it is difficult to explain the slope
thearetically at this peint. And this is the reason why
the slope of the graph in Fig. 2 (b) in temperatures rang-
ing from 800-C to 900°C was used to calculate the ac-
tivation energy of p-type conductivity.

Fig. 6 shows the effect of annealing temperature on
the elecirical conductivity of TiQ; thin films as a func-
tion of oxygen partial pressure and temperature. The
electrical conductivity increases as the annealing tem-
perature increases at a given measuring temperature,
and the conductivity minimum points shift to lower Po,
value as the annealing temperture increases at a con-
stant measuring temperature. The minimum point of
electrical conductivity shifts to higher Po, with an in-
crease in measuring temperature irrespective of an-
nealing temperature. We can also figure out the effect of
impurity concentrations on the electrical. conductivity
from Fgs.(9) and (10). Fig. 7 illustrates that n-type con-
ductivity decreases in the 1/2th power of [Aly], but the p-
type conductivity inereases in the 1/2th power of [Al.]. Tt
also illustrates that the minimum point of electrical con-
ductivity shifts to the lower Po, as the impurity con-
centration increases. Sleptys et al.” have reported that
the solid solubility of AlQ, in TiQ, increases as the an-
nealing temperature increases in the 1200-1426°C range.
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Fig. 6. Variation of electrical conductivity of TiO, thin films
annealed at different temperatures as a function of oxygen
partial pressure at the measuring temperatures (a) 1000°C,
(b} 940°C and (c) 860°C.
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Although their experimental temperature range is dif-
ferent from that of this experiment, it can be assumed
that the AlQ; impurity content in the TiO, thin film in-
creases as the annealing temperature increases. There-
fore, as the annealing temperature increases, the im-
purity concentration and the electrical conductivity in-
creases at a given measuring temperature in the p-type
conduction region. Thus the conductivity minimum point
shifts to lower Po, with an increase in the annealing tem-
perature.

In order to explain the increase of n-type conductivity,
we can use Fq.(4) instead of Eq.(3) for the incorporation
reaction of Al;Q; into TiO,, which might be changed by
the different Po, and temperature. It can be shown from
Eg.(4) that three conduction electrons ean be generated
per one Al interstitial ion. This reaction results in an in-
crease of the n-type conductivity. Especially, this reac-
tion would be dominant in the low Po, repion, since the
evolution of oxygen ions from the TiQ, can occur during
the reaction. Therefore, the increase of the n-type con-
ductivity at low Po, region should be ascribed to a
change in defect incorporation, i.e. a mixed incorporation
mechanism, in which both reactions in Egs.(3) and (4)
are simultaneously cccur. It might be assumed that the
annealing of the sample at low Po, can increase the den-
sity of conduction electrons by Eq.(4). Under this as-
sumption we annealed again the air-annealed sample at
Po,=2.7x10° atm and T=1100°C for 70 hours, but could
not find any change in electrical conductivity after an-
nealing, We can conclude here that in the low Po, region
the sample undergoes partial change in defect in-
corporation mechanism, that is, some of incorporated Al
ions eccupy the substitutional sites of Ti ions and anoth-
er does the interstitial sites in the TiQ; lattice during
the conductivity measurements,

Finally we condsider the last possible impurity in-
corporation model expressed by Eq.(5). Sleptys et al®

have explained the solid sclubility of ALO; to TiO, by
this model. However, the AlLQ, impurity cannot affect
the conducting electron density according to this medel,
so that this model can not explain the results of this ex-
periment. This disecrepancy may have resulted from dif-
ferent temperature ranges, that is, Sleptys et al. per-
formed their experiment in the high temperature region
of 1200-1426°C whilst our experiment was done in the re-
gion of 800-1025°C.

Fig. 8(a) and (b) show the effect of surface-dispersed Pt
particles on electrieal eonductivity of the smooth-surface
(root mean square roughness of less than 0.1 pm) and
the rough-surface (root mean square roughness of larger
than 1 pm} TiQ, thin films, respectively, as a funection of
measuring temperature. Electrical conductivity of
smaooth surface thin film with Pt particles is smaller
than that without Pt particles, as shown in Fig. 8(a), But
with rough-surface thin film electrical conductivity of
bare surface is smaller than that with Pt particles, as
shown in Fig. 8M). We ean explain the electrical con-
ductivity decrease in n-type semiconduting TiQ; thin
films shown in Fig. 8(a) using the “electron pumping ef-
fect” of Pt particles. The electrons move from TiQ, thin
film to Pt particles owing to the work function difference,
and the Pt particles capture the electrons from the TiQ,
thin film. The captured electrons can not contribute to
electrical conduction because the dispersed particles are
seperated from each other, and this phenomenon results
in a decrease in the electrieal conductivity. Akubuiro et
al.”¥ also reported the same effect of Pt particles for the
gintered Ti0, sample doped with cations of different
valency. However, results in Fig. 8(b) can not be ex-
plained by the electron pumping effect. This increase in
electrical conductivity can be understood by the chemieal
effect of Pt particles. Akubuiro &t al.'" also measured the
electrical conductivity of Pt particle dispersed Ti0,
ceramics under H, atmosphere, and they compared the
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Fig. 8. Effect of Pt particles on electrical conduetivity as a
function of 1/Toeswr : (a) smooth surface sample and (b)
rough surface sample.

results with that of Ti(), eeramiecs without Pt particles.
They found that the Pt particle dispersed sample had a
greater electrical conductivity. They explained the result
as follows. H, molecules are dissociatively adsorbed on
Pt particles as H* ions. These adsorbed H* ions migrate
to TiQ, thin Alm and react with the lattice oxygen ions.
This reaclion can generate H,O or OH and leaves ox-
ygen vacancy and conduction electrons in the TiO, ceram-
ics which increases the electrical conductivity, We as-
sume that the electrical conduectivity of the rough-surface
Ti0, thin film increases by the dissociative adsorption of
N on Pt particles. The rough-surface TiQ, thin film has
a much larger surface-to-volume ratio than the smooth-
surface sample, and the surface catalytic effect of Pt par-
ticles on electrical conductivity overcomes the electron
pumping effect of the Pt particles. It can also be shown
from Fig. 8(b) that the conductivity increase effect be-
comes relatively small as the measuring temperature in-
creases. As the temperature increases, the conduction
electron density in the thin film increases by a thermal
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activation process and thus the electron density increase
by the surface catalytic effect of Pt particles is screened
by the thermal effect. So the effect of an electrieal con-
ductivity increase due to Pt particles is smaller as the
measuring temperature increases. The electron pumping
effect and the Pt catalytic effect of N, on electrical con-
ductivity may be more effective because the Ti(h sample
has a thin film form.

IV. Conclusions

The electrical conductivity of a TiO, thin film de-
posited on Al,O; substrate varies as a function of Po, and
the temperature, and the variations can be ezplained
theoretically by assuming that the major defect type of
TiQ; thin film is doubly ionized oxygen vacancies. The
sample shows an electrical conduction type tramsition,
from n-type to p-type as the oxygen partial pressure in-
creases, due to the Al impurity ions diffused from the
substrate. The electrical conductivity changes with
changing the heat treatment temperature, i.e., the Al im-
purity ion concentration. The incorporated Al ions main-
ly substitute the lattice Ti ion and hence increase the p-
type conduction. Some portion of Al ions exist as in-
terstitial ions, Al, in the low Po; region and increase the
n-type conduction. Grain boundaries seem to contribute
to the electrical conduction as the temperature goes
down and the oxygen partial pressure increases. Pt par-
ticles dispersed on the smooth-surface samples causes an
electrical conductivity decrease, but they increase the
electrical conductivity in ihe case of a rough-surface sam-
ple. This behavior can be explained by the electron
pumping effect and the surfaes catalytic effect of Pt par-
ticles on dissociative adsorp*” 5 of N..
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